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Abstract In order to unravel the tectonic evolution of the north-central sector of the Sicily
Channel (Central Mediterranean), a seismo-stratigraphic analysis of single- and multi-
channel seismic reflection profiles has been carried out. This allowed to identify, between
20 and 50 km offshore the central-southern coast of Sicily, a *80-km-long deformation
belt, characterized by a set of WNW–ESE to NW–SE fault segments showing a poly-
phasic activity. Within this belt, we observed: i) Miocene normal faults reactivated during
Zanclean–Piacenzian time by dextral strike-slip motion, as a consequence of the Africa–
Europe convergence; ii) releasing and restraining bend geometries forming well-developed
pull-apart basins and compressive structures. In the central and western sectors of the belt,
we identified local transpressional reactivations of Piacenzian time, attested by well-de-
fined compressive features like push-up structures and fault-bend anticlines. The recon-
struction of timing and style of tectonic deformation suggest a strike-slip reactivation of
inherited normal faults and the local subsequent positive tectonic inversion, often docu-
mented along oblique thrust ramps. This pattern represents a key for an improved
knowledge of the structural style of foreland fold-and-thrust belts propagating in a pre-
existing extensional domain. With regard to active tectonics and seismic hazards, recent
GPS data and local seismicity events suggest that this deformation process could be still
active and accomplished through deep-buried structures; moreover, several normal faults
showing moderate displacements have been identified on top of the Madrepore Bank and
Malta High, offsetting the Late Quaternary deposits. Finally, inside the northern part of the
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Gela Basin, multiple slope failures, originated during Pleistocene by the further advancing
of the Gela Nappe, reveal tectonically induced potential instability processes.
Keywords Seismic stratigraphy  Tectonic inversion  Strike-slip motion  Push-up
structures  Compressive features  Sicily Channel
1 Introduction
The interaction between preexisting extensional structures with subsequent compressive
deformation represents a recurrent aspect during the evolution of orogens as extensively
recognized in the Alps and Apennines. Such complex structural style is widely documented
in the external sectors of fold-and-thrust belts, where newly formed thrusts interfere with
preexisting extensional faults inherited from older rifting, foreland flexure or a combina-
tion of both (Gillcrist et al. 1987; Butler 1989; Tavarnelli et al. 2004; Pace and Calamita
2014).
The Sicily Channel represents a sort of ‘‘archetype’’ of an external stretched sector of a
fold-and-thrust belt, where such positive tectonic inversion may be detected. In this paper,
we present a detailed interpretation of seismic data collected during the 70–80 in the north-
central sector of the Sicily Channel. The final aim of this work is reconstructing the
relationships between the main structural features observed and the time constraints of
their tectonic evolution, providing new insight into the deformation history of this sector of
the channel. The study area extends for about 10000 km2 and is bounded to the north by
the southern coast of Sicily, to the east by the Malta Plateau, to the south by the Malta
Graben and to the west by the Nameless Bank (Fig. 1). The tectonic framework is strongly
influenced by the geodynamic setting of Central Mediterranean, characterized by the Late
Miocene–Quaternary NW–SE rifting, associated with the Neogene convergence between
the African and European plates (Jongsma et al. 1985; Boccaletti et al. 1987; Reuther et al.
1993).
Several single- and multi-channel seismic reflection profiles have been analyzed to
highlight the main stratigraphic and structural features of the study area. The seismo-
stratigraphic analysis allowed us to depict a positive inversion tectonic model, highlighted
by contractional structures overprinting preexisting extensional faults as a consequence of
the Neogene–Quaternary southward advancing of the Sicilian–Maghrebian fold-and-thrust
belt.
2 Geological setting and previous knowledges
Within the geodynamic framework of the Central Mediterranean, the north-central sector
of the Sicily Channel belongs to the northern margin of the African continental plate (the
so-called Pelagian Block of Burollet et al. 1978), which represents the foreland area of the
Neogene Sicilian–Maghrebian orogen. The Pelagian Block is characterized by a 25- to
35-km-thick continental crust (Scarascia et al. 2000), except in correspondence of the
Sicily Channel rift zone, where crustal thinning is evidenced by a less than 20-km-deep
Moho (Finetti 1984). The sedimentary cover of the Sicily Channel continental crust
consists of a 6- to 7-km-thick Mesozoic–Cenozoic shallow to deepwater carbonate
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successions, with repeated intercalations of volcanics (Torelli et al. 1995), covered by
Tortonian–Messinian siliciclastic and evaporitic deposits. This succession crops out in the
Sciacca area and in the Hyblean Plateau, southern Sicily, as well as in the Lampedusa and
Malta islands. The overlying deposits are represented by a Plio-Quaternary clastic
sequence.
The morpho-structural setting of the north-central sector of the Sicily Channel is a
composite array of shallow continental shelves (the Siculo-Maltese Shelf and the Malta
Plateau), morphological banks of sedimentary (the Nerita and Madrepore banks) or vol-
canic (the Graham, Nameless and Terribile banks) origin, fault-controlled rift basins (the
Pantelleria, Linosa and Malta grabens) and a foredeep basin (the Gela Basin). As a con-
sequence, the area is characterized by a very irregular bathymetry with a shallow seafloor
interrupted by alternating depressions and topographic highs (Fig. 1). This complex
morphological setting is the product of the Late Miocene–Quaternary rifting of the Sicily
Channel, associated with the quasi-orthogonal Neogene continental collision between the
African and European plate margins (Jongsma et al. 1985; Boccaletti et al. 1987; Reuther
et al. 1993).
Due to its complexity, the geological setting of the Sicily Channel has been variously
interpreted as: (i) a dextral shear zone located in front of the Africa–Europe collisional belt,
where tectonic depressions of the rift represent large pull-apart basins involving deep
crustal levels (Finetti 1984; Jongsma et al. 1985; Reuther and Eisbacher 1985; Ben-
Avraham et al. 1987; Boccaletti et al. 1987; Cello 1987; Finetti and Del Ben 2005); (ii) the
product of intraplate rifting, related to NE–SW-oriented displacement between Sicily and
Fig. 1 Shaded-relief bathymetric map of the Sicily Channel (from GEBCO—General Bathymetric Chart of
the Oceans—Digital Atlas), with the epicentral earthquake locations (M[ 3; data from ISIDe, ‘‘Italian
Seismic Instrumental and parametric Data-basE’’). The black box shows the study area; the yellow box
indicates the roughly N–S transfer zone (from Argnani 1990). In the inset, the geodynamic setting of the
Central Mediterranean; SMFTB = Sicilian–Maghrebian fold-and-thrust belt, GN = Gela Nappe, ME = M-
alta Escarpment
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Africa (Illies 1981); and (iii) a rift area connected to mantle convections developed during
the rollback of the African lithosphere slab beneath the Tyrrhenian Basin (Argnani 1990).
More recently, Corti et al. (2006) highlighted the coexistence of both contractional and
extensional structures in the western side of the Sicily Channel related to the occurrence of
two independent tectonic processes, the Sicilian–Maghrebian accretion and the passive
rifting, that acted simultaneously overlapping each other.
In the northern sector of the Sicily Channel, local crustal thickness variations of the
northern African plate margin influenced geometry and segmentation of the African–
European convergence zone, driving the formation (or the reactivation) of N–S-trending
transfer zones (Reuther et al. 1993). The Adventure Bank, located offshore western Sicily,
and the Hyblean Plateau, to the east (Fig. 1), are two structural carbonate highs; the eastern
margin of the Adventure Bank and the western one of the Hyblean Plateau are bounded by
strike-slip fault zones (Reuther et al. 1993). The south-central area of Sicily is occupied by
the Caltanissetta Basin (Fig. 1) and shows local crustal thinning; this feature, together with
the relative low basal friction of the sediment filling the Caltanissetta Basin, favored a
major southward advancing of the chain compared to the adjacent higher platform areas,
producing an irregular thrust front (Lickorish et al. 1999), called the Gela Nappe (Ogniben
1969). Lentini (1982) and Argnani et al. (1987) proposed a tectonic push from behind to
explain the emplacement of the Gela Nappe, instead of gravitational processes driving a
giant debris flow as hypothesized by previous authors (Ogniben 1969; Colantoni 1975;
Winnock 1981).
During the Miocene, the foreland area south of the Gela Basin, was affected by WNW–
ESE to NW–SE-oriented extensional faulting, related to the flexure of the thinned foreland
(Cogan et al. 1989).
Most of the seismicity in the Sicily Channel (Fig. 1) occurs along a broad N–S-oriented
belt, extending from Lampedusa Island to the Graham Bank (Cello 1987; Argnani 1990;
Rotolo et al. 2006; Civile et al. 2010; Calo` and Parisi 2014). This belt (the so-called
Separation Belt of Argnani 1990) was interpreted as a strike-slip transfer fault zone,
showing a left motion (Reuther et al. 1993; Ghisetti et al. 2009), separating two sectors of
the Sicily Channel characterized by a different tectonic evolution; it is located between two
segments of the rift system: the Pantelleria Graben to the west, and the Malta and Linosa
grabens to the east (Fig. 1). Inside this belt are also located the volcanic center of Linosa
Island and the Nameless, Terribile and Graham banks (Fig. 1), that, together with Pan-
telleria Island, characterize the Pliocene to Recent widespread alkali basalt volcanism of
the Sicily Channel (Calanchi et al. 1989; Civile et al. 2008, 2014; Coltelli et al. 2016),
mainly associated with the extensional phase of the channel.
3 Materials and methods
The analyzed seismic dataset (Fig. 2) consists of a densely spaced network of 2D seismic
reflection profiles for a total length of 2187 km. It includes 38 seismic reflection profiles:
two single-channel sparker profiles, acquired by ISMAR-CNR (Bologna, Italy) during the
1970s, and 36 multi-channel profiles belonging to the Italian Commercial Zone ‘‘G,’’
collected during the 1980s by few oil companies for commercial purposes. Such latter
profiles are available within the ViDEPI (Visibility of Petroleum Exploration Data in Italy)
Web site project http://unmig.sviluppoeconomico.gov.it/videpi/videpi.asp of the Italian
Ministry of the Economic Development. The multi-channel seismic data were collected
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using a 2000 cu.in. airgun array with a shot interval of 25 m and a 96-channel 2400-m-long
streamer with a group interval of 25 m. The single-channel sparker seismic profiles were
acquired by using a 30 kJ pulsed power supply.
Seismic profiles (available in form of images) were first converted to SEG-Y format
files, using the SegY Transformer (an application of Geo-Suite software) and SeisPhro
software (Gasperini and Stanghellini 2009). Afterward, the SEG-Y files were uploaded and
interpreted using the Geo-Suite software. The resolution and the quality of the seismic data
vary remarkably among the datasets due to the different acquisition and processing
parameters, and energy systems used during the surveys. The multi-channel profiles show a
good penetration, up to about 5 s TWT (except beneath the Gela Nappe and volcanic
intrusions, where internal chaotic geometries heavily affect energy propagation). The
sparker profiles show less penetration (about 2.5 s TWT) but higher resolution, allowing a
better imaging of the upper part of the sedimentary succession. Unfortunately, the sparker
profiles are affected by a strong ringing (due to the resonance of the acoustic pulse),
especially in correspondence of the sea bottom. Moreover, data resolution, especially of the
multi-channel seismic profiles, together with the remarkable tectonic complexity of the
area made difficult the exact detection of faults activity.
The Egeria 1 and Palma 1 AGIP wells, located on top of the Madrepore Bank and Gela
Basin, respectively (Fig. 2), were used to calibrate the seismic profiles. The litho-
chronostratigraphic well log data provided by Egeria 1 and Palma 1 wells (Fig. 3),
available within the ViDEPI project, were first projected to the G82-131 multi-channel
seismic profile (Fig. 4), being both the wells *2.5 km distant to the line and, conse-
quently, used to calibrate the entire dataset. The wells cut through a 4- to 5-km-thick
Mesozoic to Recent succession, even if we used them to calibrate seismic reflectors down
Fig. 2 Map of the single (brown lines)- and multi (black lines)-channel seismic reflection profiles
interpreted in this study (the thicker portions are shown in the corresponding figures) and location of the
stratigraphic wells used for the seismo-stratigraphic correlations. Bathymetry from GEBCO (General
Bathymetric Chart of the Oceans) Digital Atlas
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to the top of the Buccheri Fm. (3–3.3 km deep). In order to achieve information on deeper
structures, the analyzed seismic profiles were compared to the more penetrative multi-
channel seismic sections of the CROP Mare Project (Finetti and Del Ben 2005).
Fig. 3 Litho-chronostratigraphic well logs of Egeria 1 and Palma 1 (by AGIP) used to calibrate the seismic
dataset and key horizons
Fig. 4 Multi-channel seismic profile (G82-131) crossing the Gela Basin and the Madrepore Bank. This
profile has been used to correlate all the seismic datasets through the two well logs (Egeria 1 and Palma 1);
see Fig. 2 for profile location and Fig. 3 for key horizons
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The seismic profiles shown in this work are not depth-converted. They were selected
among the entire datasets, being the most representative of the structural setting of this
sector of the Sicily Channel.
4 Seismo-stratigraphic analysis
Most of the analyzed NE–SW-trending seismic profiles cross orthogonally the Gela Nappe,
the Gela Basin and the Madrepore Bank (Fig. 2) and some of the major fault systems of the
Sicily Channel, mostly oriented NW–SE. Other profiles, showing the same NE–SW trend,
cut the southernmost and westernmost portions of the study area, intercepting the Malta
High and the Nameless Bank, respectively. Further seismic lines, parallel to the southern
coast of Sicily, are orthogonal to the previous ones, providing good constraints for cor-
relating the seismic units at depth and mapping the structural lineaments. All the available
seismic lines were interpreted by identifying, through the horizon picking, the geometry of
the main seismic reflectors, which represent the boundaries between the different seismo-
stratigraphic units.
The oldest seismo-stratigraphic units recognizable in the seismic profiles are repre-
sented by a sequence of high-to-medium-amplitude and high-continuity reflectors, with
tabular shape and parallel geometry, correlated with the Jurassic–Miocene carbonate
succession, according to correlations with Egeria 1 and Palma 1 well logs (Fig. 3). The top
of the Hybla Fm. (Early Cretaceous) is well recognized due to a seismic reflector char-
acterized by high values of amplitude (related to a change of the lithology) and good lateral
continuity. One of the most important reflectors of the study area represents the top of the
Late Cretaceous–Eocene limestones belonging to the Amerillo Fm. (blue reflector in Fig. 3
and following figures) displaying a variable (but generally high) amplitude; it marks the
area south of the Gela Basin with a good lateral continuity, although it appears dissected by
several faults. The top of the Ragusa Fm. (Oligocene) appears to be locally coincident with
a diffraction hyperbola band. The Miocene succession displays a semitransparent facies
with discontinuous reflectors with middle–high amplitude. The main marker horizon of all
the analyzed seismic datasets corresponds to the largely undulated top of the Messinian
evaporites (dark green reflector in Fig. 3 and following figures), generally well recognized
on seismic profiles because of its high reflectivity (due to a high value of acoustic impe-
dance contrast); moreover, it shows a broad lateral continuity, since it occurs in a large part
of the study area, where it is probably associated with a subaerial exposition (Miocene
erosional surface). We decided to not indicate the top of the Tellaro Fm. since it is too
close to the horizon of the Messinian evaporites. The Messinian evaporites are overlain by
a semitransparent unit, whose seismic signature enables a correlation with the Zanclean
pelagic marly limestones (Trubi Fm., brown reflector in Fig. 3 and following figures),
usually well identified on seismic lines due to its typical acoustic characteristics.
The Plio-Pleistocene succession is generally characterized by a package of well-layered
and quasi-parallel, low-amplitude reflectors, correlated with Zanclean–Piacenzian silici-
clastic deposits (showing a highly variable thickness), overlain by a thick Gelasian to
Calabrian sequence with higher amplitude and lateral continuity, and more recent chaotic
reflections upward. Within the Plio-Pleistocene succession, high-resolution seismo-strati-
graphic and biostratigraphy analyses (Di Stefano et al. 1993) reveal three main depositional
sequence boundaries: the first occurring at the base of the Zanclean (corresponding to the
top-Messinian unconformity); the second at 2.6 Ma (base of Gelasian, cyan reflector in
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Fig. 3 and following figures), corresponding to a tectonically enhanced unconformity; the
third at 0.8 Ma corresponding to the peak of the regression in the area (Di Stefano et al.
1993) (light green reflector in Fig. 3 and following figures). The recognized magmatic
bodies have been identified on the basis of their distinctive geometries, high-amplitude top
reflections (providing limited acoustic penetration and showing diffraction hyperbola) and
arching of the reflectors around them.
In the following sections, we describe the structural and chronostratigraphic setting of
the main morpho-tectonic domains of the study area: the Gela Nappe, the Gela Basin and
the Madrepore Bank.
4.1 The Gela Nappe
The Gela Nappe (Ogniben 1969) represents the outermost and youngest thrust sheet of the
Sicilian–Maghrebian fold-and-thrust belt. It is mainly developed onshore, in the Cal-
tanissetta Basin (Antonelli et al. 1988), and extends 20–25 km offshore the coast between
Sciacca and Gela, where it forms a wide south-facing arc (Fig. 1). The seismic profiles
(Figs. 4, 5, 6, 8, 11 and 13a) clearly show recent overthrusting, since the bulk of the
allochthonous body is made up by Oligocene to Pleistocene tightly deformed clastic,
evaporitic and carbonate deposits, resting on the Pleistocene sediments (Ribera Fm.) of the
Gela Foredeep Basin, according to correlations with Palma 1 well log (Fig. 3). In the
offshore area, the Gela Nappe appears as a wedge-shaped body thickening northward. The
maximum thickness of the nappe, inferred among the analyzed seismic lines, is*2 s TWT
(G82-127 multi-channel seismic profile, Fig. 8), in correspondence of its maximum
southward advancement; it decreases southeasternward up to 1.2 s TWT (G82-131 multi-
channel seismic profile, Fig. 4) and northwesternward up to 0.9 s TWT (G82-121 multi-
channel seismic profile, Fig. 11). The basal thrust of the nappe (developing between 1.6
and 2.4 s TWT in the G82-131 multi-channel seismic profile, Fig. 4) dips toward inland
showing an overall displacement of more than 5 km (Fig. 8). The Gela Nappe displays a
chaotic internal geometry resulted from processes of tectonic accretion, marked by dis-
continuous reflections of variable amplitude, interpreted as imbricated thrusts containing
packages of folded and faulted deposits. High-amplitude discontinuous reflectors (assigned
to the Messinian evaporites) mark the top of the upper Miocene shales and are draped by a
thin (250–350 ms TWT) relatively undisturbed Zanclean cover, characterized by low-
amplitude and low-continuity reflections. Seismic profiles of Figs. 5, 6, 8 and 13a suggest
that the Gela Nappe emplacement occurred during three different main stages, Zanclean,
Fig. 5 Multi-channel seismic profile (G82-129) showing (on the right) the emplacement of the Gela Nappe
within the Pleistocene sediments of the Gela Basin; see Fig. 2 for profile location and Fig. 3 for key
horizons. The red box indicates the zoom in Fig. 13a
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Piacenzian and top of Calabrian, since its internal thrusts involved the Messinian, the base
Gelasian and the 0.8 Ma unconformities.
The Zanclean to Gelasian layers appear progressively folded on top of the nappe,
suggesting that during this timespan, the accretionary wedge was still moving southward
and deforming, being subject to internal shortening. Moreover, the surface slope of the
nappe plunges toward the Gela Basin, contributing to the instability of the sediments
resting above the nappe (Fig. 6), as also reported by previous authors (e.g., Trincardi and
Argnani 1990; Lickorish et al. 1999).
4.2 The Gela Basin
The Gela Basin is a WNW–ESE-trending, narrow and weakly deformed foredeep
depocenter, formed during Plio-Quaternary times and located offshore the homonymous
town, at the front of the Sicilian–Maghrebian fold-and-thrust belt (Fig. 1). It extends,
parallel to the southern coast of Sicily, from the northeastern side of the Nameless Bank to
the western border of the Hyblean Plateau, showing a maximum bathymetric depth of
about 900 m bsl. The basin formation is related to the flexure of the carbonate substrate of
the foreland, due to loading of the Gela Nappe (Catalano et al. 1996).
Stratigraphic analyses of the basin succession suggest that it is filled by about
1800–2000 m (by considering an interval velocity of *1900 m/s for the entire sedimen-
tary interval) of shallowing-upward marine Plio-Quaternary sediments (Figs. 4, 5, 6, 7 and
Fig. 6 Single-channel sparker profile (CS71-SC15), crossing the Gela Basin and the Madrepore Bank,
showing a well-developed pull-apart basin. Several probably active normal faults are imaged on top of the
Madrepore Bank, while shallow and buried landslide bodies are displayed within the Gela Basin. For
location, see Fig. 2; key horizons in Fig. 3
Fig. 7 Single-channel sparker profile (CS71-SC17) crossing the Gela Basin and the Malta High. For
location, see Fig. 2; key horizons in Fig. 3. Several partially buried recent landslide bodies are clearly
recognizable inside the Gela Basin. The red box represents the zoom of Fig. 13b
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8), mostly silty and sandy clays of the Ribera Fm., unconformably lying upon the Mes-
sinian evaporites (see also Colantoni 1975; Argnani et al. 1986). The base of the Plio-
Quaternary unit is located between 1 and 2.5 s TWT (Figs. 6 and 7); it is 100–150 ms
TWT thick and made by rhythmically bedded pelagic marly limestones of Zanclean age
(Trubi Fm.), deposited during reestablished highstand marine conditions. This unit was
interpreted as a syn-tectonic sequence, since it shows a growing wedge-shaped geometry,
with an increasing thickness and divergent fanning strata down to the dip slope of the tilted
fault blocks (Figs. 6 and 7). The package of 300–500 m of Zanclean–Piacenzian deposits,
characterized by low-amplitude reflections, is overlain by a thick (1300–1500 m) Gelasian
to Calabrian sequence, exhibiting high-amplitude reflections with a good lateral continuity
in the lowest part and more recent chaotic reflections upward (Figs. 4, 5, 6, 7 and 8). The
boundary between these two depositional units is marked by an erosional unconformity
(base Gelasian unconformity), well recognized in all seismic data, related to a relative sea
level drop, caused by tectonic uplift and/or eustatic oscillations, followed by a relative sea
level rise, highlighted by onlap terminations (Fig. 5, 6, 7 and 8).
The Gela Basin is affected by multiple slope failures involving the uppermost (Pleis-
tocene) part of the succession (Figs. 4, 5, 6, 8, 11 and 13a). The homogeneous layering of
the basin deposits is locally interrupted by several acoustically chaotic and/or transparent
bodies, characterized by irregular upper surfaces, interpreted as slumps and mass-transport
deposits reaching up to 700 m of thickness. Moreover, the top of the basin succession
shows evidences of partially buried, few km wide and up to 200-m-thick landslide deposits,
clearly visible in the sparker seismic profiles of Figs. 6 and 7. The recent/incipient mass
failure processes are also highlighted by the wavy geometry of the seabottom reflector in
the northeastern slope-to-basin sector (part of Figs. 4, 5, 6 and 7), unlike regular seabottom
in the southwestern slope (coincident with the Madrepore Bank).
4.3 The Madrepore Bank
The Madrepore Bank is a NW–SE-trending, 50-km-long and 18-km-large, fault-bounded
monocline, whose top has a depth ranging from 175 to 750 m bsl (Fig. 1), being tilted
toward NE with a dip angle varying from 4 to 6. It is mainly composed by a Jurassic–
lower Miocene carbonate succession lacking the Plio-Quaternary cover (Figs. 4, 5, 6, 8 and
9), as confirmed by the Egeria 1 well log (Fig. 3), located on the south-central portion of
the bank (Fig. 2). On seismic profiles, this succession is represented by a sequence of high-
to-medium-amplitude continuous reflections (Figs. 4, 5, 8 and 9), belonging to carbonates
Fig. 8 Multi-channel seismic profile (G82-127) crossing from NE to SW the front of the Gela Nappe, a
push-up structure (due to the positive reactivation of an extensional structure) and the Madrepore Bank. For
location, see Fig. 2; key horizons in Fig. 3
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and marls of the Ragusa Fm. (Oligocene–Early Miocene), limestones of the Amerillo Fm.
(Late Cretaceous–Eocene), marls of the Hybla Fm. (Early Cretaceous), mudstones of the
Fahdene and Sidi Khalifa Fms. (Early Cretaceous) and marls of the Buccheri Fm. (Middle
Jurassic), according to correlations with Egeria 1 well log (Fig. 3). The whole carbonate
succession is clearly tilted toward NE; divergent geometries and diachronous offset of
reflectors point out tilting occurred during a large timespan since the Eocene, up to
Pleistocene time intervals, as shown by the dipping of the base Gelasian reflector (Figs. 4,
5, 6, 8 and 9). Southward, the Jurassic–lower Miocene carbonate succession is covered by
the middle-upper Miocene silty marls of the Tellaro Fm., in turn overlain by the Messinian
evaporites and by a thin cover of Zanclean–Piacenzian sediments, showing low-amplitude
reflections. By comparing the seismic profiles CS71-SC15 and CS71-SC17 (Figs. 6 and 7)
crossing the Madrepore Bank and the Malta High, respectively, it is worth noting the
different dip angles of their north-facing slopes. The southernmost sector of the Madrepore
Bank top is flat or slightly dipping toward NE, highlighting a diffuse erosion (probably
occurred during Quaternary low-stand phases), without evidences of submerged deposi-
tional terraces. These latter, instead, clearly occur on top of the Malta High (reflections
between 550 and 900 ms TWT of CS71-SC17 sparker profile, Fig. 7), where they are
characterized by sequences of SW-dipping foresets. A detail of the SW sector of the Malta
High (Fig. 13b) shows the occurrence of two subsequent depositional terraces, within the
Pleistocene succession (post base Gelasian). They are probably related to a large supply of
sediments from the north, during low-stand phases, when the Malta High, unlike the
Madrepore Bank, was directly connected to the Sicilian mainland. The age of these
depositional terraces is uncertain, but, taking into account the sedimentation and erosion
rates, they could be possibly related to late Pleistocene and to the LGM (Last Glacial
Maximum, 20 ka) low-stand phases.
5 Main tectonic structures
Figure 10 displays the tectonic map of the north-central sector of the Sicily Channel based
on the analysis of all available seismic reflection data. The map highlights the presence of a
*80-km-long, 10–30-km-wide, deformation belt, extending parallel to the southern coast
of Sicily. The belt is formed by a set of high-angle WNW–ESE to NW–SE early Miocene
extensional faults, resulting from the flexure of the foreland plate beneath the advancing
Sicilian–Maghrebian fold-and-thrust belt (Cogan et al. 1989), also observed in large part of
the Hyblean Plateau offshore. In seismic section, some of these faults show evidences of
strike-slip reactivation highlighted by both seismic analysis and structural mapping (abrupt
variation of thickness of the faulted succession, vertical attitude of faults, flower structures,
Fig. 9 G82-143 multi-channel seismic profile showing the carbonate succession of the Madrepore Bank
and in the western side a well-developed pull-apart basin distinctive of a releasing bend. For location, see
Fig. 2; key horizons in Fig. 3
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straight trend in map view), involving the Zanclean–Piacenzian deposits and creating
accommodation above the Messinian horizon (Figs. 5, 8 and 12). Within this sector, some
areas affected by releasing and restraining bend geometries were observed (Fig. 10).
Releasing bends are characterized by remarkable ‘‘negative flower’’ or ‘‘tulip structures’’
and roughly symmetrical ‘‘pull-apart’’ basins bounded by systems of NW–SE-trending
steep normal faults, showing an overall step arrangement and a cumulative vertical
downthrown of several hundreds of meters (see Figs. 6, 9 and 11).
In the central and western sectors, we observed locally well-developed transpressional
reactivation of preexisting high-angle faults, also reported by previous authors (e.g.,
Antonelli et al. 1988). This positive tectonic inversion seems to be occurred after the
deposition of the Trubi (Zanclean), and before the base Gelasian unconformity, sealing the
deformation (Figs. 5 and 8). In the central sector, transpressional reactivation is docu-
mented by the occurrence of roughly symmetrical, up to 10-km-large ‘‘push-up’’ structures
(see G82-129 and G82-127 multi-channel seismic profiles, Figs. 5 and 8, respectively)
affecting all the Jurassic–Miocene sequence. Push-up structures consist of well-defined
transpressional uplifted blocks, formed by upward-diverging thrust and back-thrust faults
Fig. 10 Structural map of the study area (bathymetry from SRTM, Shuttle Radar Topography Mission;
Terrestrial DEM, 20 m grid, from ISPRA—Istituto Superiore per la Protezione e la Ricerca Ambientale),
showing the main Neogene faults and the analyzed seismic dataset with the epicentral earthquake locations
(M[ 2, between 1985 and 2015; data from ISIDe, ‘‘Italian Seismic Instrumental and parametric Data-
basE’’). The dashed yellow line represents the left transfer zone (from Reuther et al. 1993; Ghisetti et al.
2009)
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that define a roughly symmetrical closely thrust-segmented fold, also known as ‘‘positive
flower’’ or ‘‘palm tree’’ geometries (Pace and Calamita 2014). In the western sector of the
study area, the positive tectonic inversion is highlighted by the thickening of the Miocene
sequence (from about 620–1050 ms TWT) along a NW–SE-trending steep fault (see G82-
117 multi-channel seismic profile, Fig. 12), producing a fault-bend reactivation anticline.
Compressive tectonic structures are also visible in the M24 CROP multi-channel seismic
profile (see Corti et al. 2006).
A supplementary evidence of contractional tectonics is represented by a marked arching
of the seismic reflectors (e.g., the reflectors corresponding to the Eocene erosion surface,
top of Tellaro Fm., top of the Messinian evaporites and part of the overlying Plio-Pleis-
tocene sedimentary sequence) south of the Madrepore Bank (Figs. 4, 5 and 6). Here,
seismic profiles image a steep SW-dipping normal fault system, showing distinct normal
drags as result of fault motion, with a cumulative vertical downthrown of some 1.5 km and,
southward, a clear folding of the Eocene–Miocene basin sequences. This compressive
tectonic seems to end westward; in fact the seismic profile G82-127 (Fig. 8) shows the
same stratigraphy without evidences of arching geometries.
This compressive regime is also highlighted by positive tectonic inversion of a
N-dipping extensional fault located below the outermost sector of the Gela Nappe (Figs. 5
and 13a), associated with an anticline grown in the hanging wall of the fault hanging-wall
block inversion (see Williams et al. 1989; McClay and Buchanan 1992) that could be
interpreted as an incipient floor thrusting of the Gela Nappe.
Fig. 11 G82-121 multi-channel seismic profile imaging, on the left, the volcanic intrusions (purple arrow)
of the Nameless Bank and a well-developed pull-apart structure offsetting the carbonate succession on the
right; see Fig. 2 for location and Fig. 3 for key horizons
Fig. 12 Multi-channel seismic profile (G82-117) showing a positive tectonic inversion (fault-bend
reactivation anticline) highlighted by the clear increasing of the Miocene sequence thickness. Several
volcanic intrusions (purple arrows) occurring on the Nameless Bank are also displayed. For location see
Fig. 2; key horizons in Fig. 3
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The Madrepore Bank sequence appears intensely affected by: (i) deep Mesozoic
extensional faults cutting through the Hybla and Buccheri Fms (Fig. 9); (ii) WNW–ESE-
trending Miocene normal faults (since they cut the Messinian evaporites), forming a
succession of horsts and grabens (Figs. 4, 5, 6, 8 and 9); and (iii) normal faults with a
moderate displacement offsetting the top of the bank (Figs. 5 and 8).
The toplap surface of the younger depositional terrace occurring on top of the Malta
High (dotted red circle of Fig. 13b), interpreted as related to low-stand system tracts of the
late Pleistocene–Holocene sequence, appears tilted toward NE, most probably due to the
effect of a SW-dipping normal fault. The possible attribution of this depositional terrace to
the Holocene also constrains the timing of the tectonic phase, revealing a complex inter-
play between eustatic fluctuations and Neogene–Quaternary tectonic processes.
It is worth noting that on the analyzed seismic profiles, no evidences of volcanism were
identified, in correspondence of the areas affected by releasing bend. The only volcanics
are represented by magmatic bodies (purple contours in Fig. 3 and following figures),
recognized close to or at the seabottom in the southwestern portion of the study area, in
correspondence of the eastern and northern sides of the Nameless Bank (Figs. 11 and 12);
they are often overlapped by late Miocene sequence (see the reflector corresponding to the
top of the Messinian evaporites), without evidences of a recent activity. This inference is in
accord with K/Ar dating of some dredged samples on the northeastern side of the bank,
indicating an upper Miocene age (*10 Ma) (Beccaluva et al. 1981). Much younger vol-
canic manifestations were identified, on the basis of seismic profiles and bathymetric data,
just out of the westernmost portion of the study area (Fig. 1): they are relative to the
Holocene volcanism of the Graham and Terrible banks (Civile et al. 2014; Coltelli et al.
2016).
Fig. 13 a Zoom of the northern part of the G82-129 multi-channel seismic profile (Fig. 5) showing the
basal thrust of the Gela Nappe and the local positive reactivation, by incipient thrusting, of a preexistent
extensional fault bounding a basin, typical example of hanging-wall block inversion. b Zoom of the southern
portion of the CS71-SC17 sparker seismic profile (Fig. 7), imaging in detail the submerged depositional
terraces (red circles) occurring on top of the Malta High, characterized by sequences of SW-dipping
foresets. The toplap surface of one of the terraces (dotted red circle) is clearly tilted by a fault. For profile
locations, see Fig. 2; key horizons in Fig. 3
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6 Kinematic model and active tectonics implications
The present study allowed us to redefine, through a detailed analysis of the available
reflection profiles, the structural framework of the north-central sector of the Sicily
Channel and its Neogene–Quaternary deformation history. The comparison between
stratigraphic and structural data shows a clear progressive evolution from tensional to
compressive regimes, this latter mostly depicted by strike-slip poly-phased deformation.
As a consequence of such a long and complex tectonic evolution, this sector of the Sicily
Channel is characterized by a set of well-defined extensional faults, pull-apart basins, push-
up structures and fault-bend reactivation anticlines that coexist inside the same area. The
above-described structures are interpreted as the result of dextral strike-slip pattern in the
context of a transcurrent regime caused by the NW–SE-trending Africa–Europe conver-
gence (see also Reuther et al. 1993).
The offshore between Sciacca and Licata (Fig. 10) is characterized by a set of NW–SE
and NNE–SSW-trending faults (formed as a result of flexure of the foreland plate) whose
activity was coeval with the Neogene–Quaternary migration of the Gela Nappe (Argnani
1990). These faults were reactivated during the Zanclean–Piacenzian interval by dextral
strike-slip motion as consequence of the nearly NW–SE-oriented Africa–Europe conver-
gence, producing releasing bend geometries, characterized by pull-apart basins and neg-
ative flower structures (Figs. 6, 9 and 11).
Locally, in the central sector of the deformation belt and more exactly between the Gela
Nappe and the Madrepore–Nameless Banks (Fig. 10), some faults appear to be reactivated
in transpression during the Piacenzian interval, with the development of well-defined push-
up structures (Figs. 5 and 8), fault-bend reactivation anticlines (Fig. 12) and arching
geometries (Figs. 4 and 5), typical of contractional tectonics. These structures, developed
along oblique thrust ramps, are formed as transpressional reactivation of preexisting
normal faults within a positive inversion tectonic context. The different geometric features
(push-up structures and fault-bend anticlines) are controlled by: (i) the geometry of the
original extensional fault system, (ii) the mechanical characteristics of the involved sedi-
mentary multilayer, (iii) the original architecture of the former extensional basin and (iv)
the amount of thrust displacement (Pace and Calamita 2014).
The contractional reactivation is also exhibited by the incipient thrusting below the Gela
Nappe. There, seismic profiles highlight the progressive incorporation of a portion of the
foreland into the thrust belt, testifying that the propagation of the thrust front is still active
(Fig. 13b), as also reported by previous authors (e.g., Catalano et al. 1993). It is worth
noting that the tectonic deformation involved the sector far to the south of the Gela Nappe
(Fig. 10). Moreover, seismic profiles highlight the occurrence of imbricated thrusts within
its bulk (Figs. 5, 6, 8 and 13a), resulting from processes of internal shortening. Seismo-
stratigraphic analysis suggests that the Gela Nappe emplacement occurred during three
different main stages, Zanclean, Piacenzian and top of Calabrian (0.8 Ma unconformity),
instead of only two as inferred by previous authors (Antonelli et al. 1988). According to
these evidences, it seems reasonable, in agreement with Lentini (1982) and Argnani
(1987), to invoke a mechanism of tectonically driven emplacement of the Gela Nappe,
instead of a gravitational process as previously hypothesized (Ogniben 1969; Colantoni
1975; Winnock 1981). Its emplacement, however, produced a diffuse gravitational insta-
bility of the sediments resting above the nappe and probably favored the recent instability
of the northern side of the Gela Basin (Minisini et al. 2007; Trincardi and Argnani 1990).
Since the emplacement of the Gela Nappe is considered still active (Fig. 13a), its further
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advancing could trigger new mass-transport events, with important implications for geo-
logical hazard in such a densely populated coast; in fact, although morphological analyses
of the Gela Basin suggest that the slopes are stable under static conditions, slope failures
may be triggered by moderate earthquakes (Ai et al., 2014).
In the westernmost sector of the study area, the deformation belt narrows toward NW
along a major N–S-trending transcurrent fault (the Separation Belt of Argnani 1990)
(Figs. 1 and 10), along which some volcanic centers (Cello 1987; Finetti and Del Ben
2005), as well as push-up structures (Argnani et al. 1987), were identified. Most of the
deformation along this structure seems to have been produced mainly during Pliocene time
(Civile et al. 2014), but an earlier activity cannot be excluded, as inferred by Argnani et al.
(1986). Thus, the deformation could be connected with the coeval emplacement of the Gela
Nappe. This belt was interpreted as a left-lateral strike-slip transfer due to the differential
amount of opening between the Pantelleria Graben, to the east, and the Malta and Graben,
to the west (Reuther et al. 1993; Ghisetti et al. 2009). Nevertheless, a right-lateral dis-
placement at shallow levels is suggested by the drag pattern of the thrust belt front (An-
tonelli et al. 1988), impinging against the eastern boundary of the Adventure Bank and by
the arcuate geometry of the western tip of the NW–SE faults. Thus, it could represent the
shallow expression of a deep left-lateral strike-slip transfer, as confirmed by the focal
mechanisms of several seismic events recorded along it (Calo` and Parisi 2014 and Fig. 10).
The inverted structures affect the carbonate substrate without shallow evidences of an
ongoing activity, since they do not involve the Gelasian to Calabrian deposits (Figs. 5 and
8). The uneven morphology of the seabed is due to the draping of the push-up structures by
the Plio-Pleistocene sequences.
Nevertheless, GPS data (Palano et al. 2012) indicate that the NE–SW extension is still
active between Lampedusa and Malta, at a rate of 1.4 mm/yr coupled to 2.9 mm/yr of
contraction between these islands and Pantelleria, parallel to the Nubia-Eurasia conver-
gence. Moreover, a few low-magnitude seismic events (Fig. 10) have been recorded within
the study area between 1985 and 2015, two of which in recent time (February 2015); most
of them have been localized along the NW–SE strike-slip structures. Despite their small
amount, seismic events could be tentatively related to deep transpressional reactivation of
buried seismogenic faults and, therefore, could have potential implications for seismic
hazard.
NE-dipping normal faults showing a moderate displacement and offsetting the
seabottom have been identified on the Madrepore Bank. They are well distinct on the G82-
129 and G82-127 (Figs. 5 and 8, respectively) seismic profiles, crossing the NW portion of
the bank, while they are lacking or less developed on G82-131 and CS71-SC15 profiles
(Figs. 4 and 6, respectively). This difference could be due to the frontal loading of the Gela
Nappe that is greater on the NW portion of the Madrepore Bank, being the latter closer to
the most advanced part of the nappe (Figs. 1 and 10). This interpretation is also enhanced
by the increasing tilting of the bank, moving toward NW (see Colantoni 1975). The
differential loading of the Gela Nappe could be also the cause of the difference of steepness
between the Madrepore Bank and Malta High northeastern flanks: the Madrepore mono-
cline is clearly steeper than the Malta High, since it is just in front of the Gela Nappe.
Finally, normal faults with a moderate displacement have been identified on top of the
Malta High (Fig. 7); these structures show evidence of recent activity since they cut the
youngest depositional sequences, offsetting a small terrace attributed to LGM.
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7 Conclusions
The reconstructed tectonic framework, obtained through analysis of seismic reflection
profiles and stratigraphic correlations, suggests the occurrence of a complex poly-phasic
deformation belt south of the Gela Nappe (Fig. 10), in the north-central sector of the Sicily
Channel. This area was affected by a clear progressive evolution from tensional to com-
pressive regimes, enhanced by a tectonic reactivation, during Zanclean–Piacenzian times,
of preexisting extensional structures. The study area was characterized by a Zanclean to
Piacenzian age right-lateral strike-slip reactivation affecting inherited Miocene NW–SE-
trending normal faults, producing releasing and restraining bends geometries, and by local
positive tectonic inversion in Piacenzian time, as a consequence of the further southward
advancing of the Sicilian–Maghrebian fold-and-thrust belt. This geodynamic evolution
testifies the local superposition of contractional structures on preexisting extensional faults,
all related to the general NW–SE-oriented Africa–Europe convergence. As a consequence,
this sector of the Sicily Channel is characterized by a complex tectonic setting with the
presence of well-defined extensional faults, pull-apart basins, push-up structures and fault-
bend reactivation anticlines that coexist inside the same area. No evidences of volcanism
were identified in correspondence of the deformation belt, allowing us to infer that vol-
canism stopped in this area during the late Miocene.
Since GPS data indicate that Africa–Europe NW–SE convergence is still active and
seismic events (Fig. 10), although they are not many, have been recorded in recent time
along the analyzed deformation belt, we can infer that the transpressional inversion tec-
tonic could be still active and could be accomplished through deep-buried faults. More-
over, several normal faults offsetting the seabottom with moderate displacements, thus
showing a recent activity, have been identified on top of the Madrepore Bank and Malta
High and could have potential implications for seismic hazard.
In the same way, possible mass-transport events triggered, inside the northern part of the
Gela Basin, by the further advancing of the Gela Nappe, could be taking into account for
potential instability processes.
A more detailed analysis of supplementary seismic profiles and additional data on local
seismicity could provide new information on the relationship between main structural
features occurring within the region and the ongoing tectonic processes.
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